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Vertebrate gastrulation involves complex coordinated movements of cells and cell layers to establish the axial structures and the
general body plan. Adhesion molecules and the components of extracellular matrix were shown to be involved in this process.
However, other participating molecules and detailed mechanisms of the control of gastrulation movements remain largely
unknown. Here, we describe a novel Xenopus gene camello (Xcml) which is expressed in the suprablastoporal zone of gastrulating
mbryos. Injection of Xcml RNA into dorsovegetal blastomeres retards or inhibits gastrulation movements. Database searches
evealed a family of mammalian mRNAs encoding polypeptides highly similar to Xcml protein. Characteristic features of the
amello family include the presence of the central hydrophobic domain and the N-acetyltransferase consensus motifs in the
-terminal part, as well as functional similarity to Xcml revealed by overexpression studies in Xenopus embryos. Xcml
xpression results in the decrease of cell adhesion as demonstrated by the microscopic analysis and the blastomere aggregation
ssay. Cell fractionation and confocal microscopy data suggest that Xcml protein is localized in the secretory pathway. We
ropose that Xcml may fine tune the gastrulation movements by modifying the cell surface and possibly extracellular matrix
roteins passing through the secretory pathway. © 2001 Academic Press
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Gastrulation transforms amphibian blastula into a struc-
tured embryo with three germ layers and a distinct body
axis. This process includes directed coordinated move-
ments of large cell groups and is accompanied by remark-
able changes in cell morphology and cell adhesion. The
activities of the mesodermal layer of the amphibian blas-
tula drive much of the gastrulation process. Four types of
regional- and time-specific movements govern gastrulation:
(1) epiboly of cells of the animal hemisphere, (2) laterome-
dial convergent movements of marginal zone cells and their
intercalation on the dorsal side of embryo, (3) involution of
marginal zone cells inside embryo, and (4) migration of
1 To whom correspondence should be addressed. Fax: (212) 570-
(3307. E-mail: abelyavs@nybc.org.
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All rights of reproduction in any form reserved.nvoluted mesodermal cells on the blastocoel roof (Win-
lbauer, 1990; Wilson and Keller, 1991).
Among the most important mechanisms which contrib-
te to these morphogenetic movements are cell adhesion to
he extracellular matrix and cell–cell adhesion between
igrating cells. The latter is mediated by cadherins—Ca21-
ependent transmembrane adhesion proteins (Huber et al.,
996). It enables mesoderm cells both to move as a coherent
ell layer and to maintain their individual motility within
his layer by using neighboring cells as a substrate for
ovements. Diffuse arrangement of cadherins supports
olding cells together, aggregated cadherins interact with
ctin microfilaments via catenins and form adherens
unctions—adhesion structures for cell rearrangements in-
ide cell mass. Cell-to-extracellular matrix contacts are
ediated by the transmembrane receptors—integrinsHynes, 1992)—and become important at later stages of
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484 Popsueva et al.gastrulation, in particular during the migration of mesoder-
mal cells on a network of extracellular matrix fibrils syn-
thesized by the cells of the blastocoel roof.
The strength of the cell–cell and cell–matrix adhesion
has an influence on migratory behavior of cells (Brieher and
Gumbiner, 1994; Winklbauer, 1998). Motionless cells have
large stable focal contacts with the matrix, whereas the
mobile cells, like mesodermal cells in Xenopus embryo,
form less organized adhesive structures and are able to
quickly rebuild focal contacts. Therefore, the fine regula-
tion of the cell adhesion is an important component of the
morphogenesis of developing organism.
In addition to integrins, cadherins, and extracellular ma-
trix proteins, several other genes, such as milk (Ecochard et
al., 1998), Xwnt-5A (Moon et al.,1993), XRhoA and XRnd1
Wunnenberg-Stapleton et al., 1999), and dishevelled
Sokol, 1996; Wallingford et al., 2000) were demonstrated to
ffect cell movements during gastrulation or in in vitro
ssays. Nevertheless, we are still far from detailed under-
tanding of mechanisms regulating cell movements during
astrulation.
Here, we describe a novel gene camello (Xcml) which
ight be involved in the regulation of gastrulation process.
cml expression is first detected at the beginning of gastru-
ation in the deep cells of the marginal zone, and remains
here until the end of gastrula stage. We show that overex-
ression of Xcml in the dorsal marginal zone leads to
nhibition of gastrulation movements and decreases the
dhesion between blastomeres. Xcml defines a new, appar-
ntly vertebrate-specific, multiprotein family.
MATERIALS AND METHODS
Molecular Analysis of Xcml and Mammalian
camello Family Members
N4 Xcml 39-terminal cDNA tag was isolated earlier by using the
Gene Expression Fingerprinting procedure (Ivanova, 1997, 1998),
and used as a probe for screening Xenopus laevis stage 10.5 embryo
cDNA library. pBluescript SK(2) plasmids were excised from
positive clones by using R408 helper phage, and the largest insert,
1.2-kb long, was sequenced in both directions. EST clones contain-
ing murine, rat, and human camello family sequences were ob-
tained from Genome Systems and ATCC, and sequenced by using
flanking and gene-specific primers. For Mcml 5, 59 region of mRNA
was cloned by using the Rapid Amplification of cDNA Ends
(RACE) procedure as described (Frohman, 1988).
Plasmid Constructs and Site-Directed Mutagenesis
For microinjection experiments, the Xcml open reading frame
was amplified by six cycles of PCR with Advantage cDNA poly-
merase mix (Clontech) using primers CCG CGG ATC CAG TCG
GAG TAT CAT GG (59) and CTA GTC TAG ATT ATT AAG CAC
TGG ATT (39), and inserted into BamHI/XbaI-cleaved pCS21
vector. Constructs encoding Xcml protein fused N- or C-terminally
to six tandemly repeated copies of myc epitope (myc tag) were
produced by in-frame insertion of PCR-amplified Xcml open read- p
Copyright © 2001 by Academic Press. All righting frame into XhoI/XbaI- or BamHI-digested pCS21MT vector.
For the N-terminal fusion, the primers were CCC CCG CTC GAG
AGT CGG AGT ATC ATG G (59) and CTA GTC TAG ATT ATT
AAG CAC TGG ATT (39); for the C-terminal fusion, ATG GAT
CCA GTC GGA GTA TCA TGG (59) and AAC GGA TCC CTG
GAT TTC GTA TGA TTT (39). For the constructs encoding Xcml
C-terminally fused with GFP, PCR fragments containing intact
protein coding sequence or sequence with deletion of hydrophobic
domains were cloned in-frame into XhoI–BamHI sites of
pEGFP-N1 vector (Clontech).
Xcml mutants were created by using site-directed mutagenesis
with inverse PCR (Hemsley, 1989). Xcml-pCS21 circular plasmid
nicked by DNAse I as described (Greenfield, 1975) was used as a
template. Amplifications were carried out by using the Advantage
cDNA polymerase mix (Clontech) for 10 cycles (95°C, 30 s; 60°C,
30 s; 68°C, 4 min). The amplified linear plasmids were gel purified
and self-ligated. XcmlA31Fr mutant contained a frameshift after
Ala31 and a translation stop five amino acids further downstream.
XcmlA32St and XcmlQ147St mutants had stop-codons after Ala32
and Gln147, respectively. In the XcmlDF42L80 mutant, internal
hydrophobic domain between Arg41 and Glu81 was deleted. All
constructs and mutants were checked by sequencing. The primers
used for site-directed mutagenesis were as follows: XcmlA31Fr,
CCT GTT GGA CAC ACT GAA G (59) and TGC TGG GAG ATG
CTC TTT TG (39); XcmlA32St, GCC TGA TGG AAC ACA CTG
AAG (59) and TGC TGG GAG ATG CTC TTT TG (39);
XcmlQ147St, GGC ACA AAG CTG TGC CAG AC (59) and AAT
CCG CTA CTG GCG ACA (39); XcmlDF42L80, GAA TTC CAT
GGG TAT GCA AGT C (59) and CCG AGG CTT CTT CAG TGT
GTT (39).
RNA Synthesis and Microinjection
Synthetic capped sense mRNAs were produced by using mMes-
sage mMachine SP6 kit (Ambion) and corresponding linearized
plasmids as recommended by the manufacturer. Xenopus embryos
were obtained by in vitro fertilization (Newport and Kirschner,
1982), chemically dejelled with 2% cystein hydrochloride (pH 8.0)
at the two-cell stage, washed, and incubated in 0.13 MMR (13
MMR: 100 mM NaCl, 2 mM KCl, 1 mM MgSO4, 2 mM CaCl2, 5
mM Hepes, pH 7.6, 0.1 mM EDTA). Embryos were placed in 1/33
MR supplemented with 4% Ficoll type 400 (Sigma), and injected
n the equatorial region of dorsal blastomeres at the eight-cell stage
ith 2 ng of capped mRNA in 4.6 nl of RNAse-free water. In
oosecoid coinjection experiments, 60 pg of gsc and 2 ng of Xcml
RNAs were injected in two ventral vegetal blastomeres at the
ight-cell stage. Injected embryos were transferred to 0.13 MMR
upplemented with antibiotics, and cultured at 18°C. Staging was
erformed according to the normal table of X. laevis development
Nieuwkoop and Faber, 1967).
Northern Blot Analysis
Total RNA from Xenopus embryos was isolated by using the
guanidine thiocyanate method (Sambrook, 1989). Poly(A)1 RNA
was prepared as described (Kingston, 1993). For Northern blot
analysis, 2 mg of poly(A)1 RNA per lane was separated in 1.2%
ormaldehyde–agarose gel and transferred by capillary blotting onto
ybond-N membrane (Amersham) according to the manufacturer’s
nstructions. Blot was hybridized with [32P]dATP-labeled Xcml
robe and washed in stringent conditions (Sambrook,1989).
s of reproduction in any form reserved.
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485Xcml Overexpression Blocks GastrulationWhole-Mount in Situ Hybridization
Whole-mount in situ hybridization was performed according to
Harland (1991) by using digoxigenin-labeled antisense RNA probes.
The probes were synthesized by T7 or SP6 RNA polymerases using
linearized plasmids as templates. For histological analysis, stained
embryos after whole-mount in situ hybridization were dehydrated
n ethanol-butanol series, embedded in paraffin, and sectioned.
Histology
Embryos were fixed in 2% glutaraldehyde and 0.5% OsO4 in 0.2
M Na-cacodylate buffer, pH 7.3, dehydrated in ethanol and acetone,
and embedded in Epon. Then, 2-mm sections were prepared and
tained by toluidine blue.
Blastomere Aggregation Assay
For in vitro aggregation assay, a modified procedure of Paulson et
al. (1999) was used. A total of 2 ng of Xcml or XcmlA31Fr (negative
control) mRNA was injected into animal pole of blastomeres at the
four-cell stage. Animal caps were isolated at stage 8, and the
FIG. 1. (A) Nucleotide and deduced amino acid sequences of Xen
camello protein calculated using the GeneRunner program (Hasting
is underlined in (A) and demarcated by two vertical lines in (B).blastomeres were dissociated in Ca21/Mg21-free MMR by passing
Copyright © 2001 by Academic Press. All rightseveral times through a plastic tip. Ca21 was added to the medium
o 2 mM, and blastomeres were allowed to aggregate on a horizon-
al rotary shaker at 60 rpm in 35-mm dishes coated with 1%
garose (10 caps per dish). After incubation for 30–40 min, cells
ere fixed by addition of formaldehyde to 4%. The aggregates were
ivided into five size classes and quantified. The size classes
onsisted of: (1) single cells; (2) 2–4 cells; (3) 5–7 cells; (4) 8–10 cells;
nd (5) 11 or more cells per aggregate. Differences in the total
umber of cells in aggregates of each size class after injection of
cml and XcmlA31Fr were evaluated in nine experiments. The
Wilcoxon test was used for statistical comparisons. P values , 0.05
ere accepted as indicating statistically significant differences
etween the two samples.
Oocyte Fractionation and Western Blot Analysis
Manually defolliculated oocytes were injected in OR2 medium
(82.5 mM NaCl, 2.5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 1 mM
a2HPO4, 5 mM Hepes, pH 7.6) with 30 ng of mRNA in 28 nl of
water, and cultured overnight at room temperature in 0.53 MMR,
0.5 mg/ml BSA, 50 units/ml penicillin, 50 mg/ml streptomycin (10
camello (accession number AF163313). (B) Hydropathy profile of
tware) on a basis of Kyte–Doolittle algorithm. Hydrophobic domainml per oocyte). Culture medium was collected and acetone-
s of reproduction in any form reserved.
486 Popsueva et al.FIG. 2. The alignment of amino acid sequences of camello protein family members (in bold typeface). Alignment was performed by using
AlignX module of the Vector NTI Version 5.0 suite (InforMax Inc.) on a basis of Clustal W algorithm. Internal dashes indicate gaps
introduced for maximal alignment. Amino acids (aa) identical between all members of the family are highlighted in yellow, aa identical to
the consensus sequence in blue, blocks of strongly similar aa in green, and blocks of weakly similar aa in gray. For GNAT consensus motif
construction, data reported by Neuwald and Landsman (1997) were used. Aa occurring in twenty or more percent of GNAT sequences were
used for consensus; second most frequently occurring consensus aa are also indicated; highly conserved aa occurring in more than 50% of
proteins are highlighted in red. The positions of the hydrophobic domain and GNAT motifs are indicated by colored bars. Sequences for
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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487Xcml Overexpression Blocks Gastrulationprecipitated. Oocytes were fractionated into cytosolic and vesicle
fractions (Evans and Kay, 1991). Proteins (20 mg per lane) were
separated by SDS–PAGE, transferred to nitrocellulose membrane
by electroblotting, and probed with rabbit polyclonal antibodies
against myc tag (Upstate Biotechnology) followed by goat anti-
rabbit IgG secondary antibodies conjugated with horseradish per-
oxidase (Amersham). The protein bands were visualized by using
ECL kit (Amersham).
Conventional and Confocal Microscopy Imaging
COS-1 cells were transfected with 10 mg of Xcml-pEGFP-N1
lasmid or pEGFP-N1 by using the calcium phosphate technique
Graham and Van Der Eb, 1973), and cultured for up to 3 days in
MEM with 10% FBS medium. For nuclear staining, 0.25 mg/ml of
Hoechst was added to the culture medium 2 h before examination.
Cells were examined under FITC filter on Leica microscope
equipped with photo camera.
For confocal microscopy, COS-7 cells growing on glass cover-
slips in DMEM with 10% FBS medium were transiently transfected
with either Xcml-GFP or XcmlDF42L80-GFP expression constructs
by using FuGene 6 transfection kit (Boehringer Mannheim) 36 h
prior to fluorescence analysis. The Golgi apparatus was stained by
treatment of cells with 0.5 mM BODIPY TR ceramide (Molecular
Probes) for 1 h. After loading with dye, the cells were washed twice
with and kept in Dulbecco/PBS solution containing 20 mM Hepes,
pH 7.4, at room temperature for 20 min prior to experiments. The
fluorescence in living cells was analyzed by using a Bio-Rad
MRC-1024 confocal microscope equipped with an argon-krypton
laser.
RESULTS
Identification of a Novel Xenopus Gene camello
and a Family of camello-Related
Mammalian Genes
To identify genes potentially involved in regulation of
gastrulation, Gene Expression Fingerprinting technique
(Ivanova and Belyavsky, 1997) was used to search for cDNA
tags of mRNAs expressed differentially in subregions of
Xenopus gastrula embryos. One of the identified tags (N4)
was found to be expressed specifically in the dorsal and
Mcml 5, Rcml 3, and Rcml 5 do not contain a complete open rea
AF163315, AF163316, AF163317, AF187099, for Rcml 1, 2, 3, 4, 5 ar
1 and 2 are AF187813 and AF185571, respectively. The predicted
L174G8 (Acc. No. Z69638) by splicing together regions 2701–26936
the alignment (indicated in the regular typeface) were identified
construction of consensus. Mm, Mus musculus; Rn, Rat norvegicu
FIG. 3. Expression of Xcml RNA during Xenopus development. (A
f embryo poly(A)1 RNA, developmental stages are indicated o
whole-mount in situ hybridization with Xcml antisense digoxigeni
view shown). Note that Xcml is expressed in the area around th
involution, cells cease to express Xcml, as visible on sagittal sectio
The dorsal lip viewed with higher magnification. Indicated are dors
neuroectoderm (ninv), involuted (inv) mesodermal cells, and deep layer
Copyright © 2001 by Academic Press. All rightentral marginal zones at the beginning of gastrulation
Ivanova, 1998). This fragment was used as a probe to screen
cDNA library derived from stage 10.5 Xenopus embryos.
he cDNA clone isolated from the gastrula library encodes
he predicted protein 219-amino acids-long (Fig. 1A). Pro-
ein sequence contains an internal 36-amino acid-long
ydrophobic region with a short hydrophilic stretch in the
iddle (Fig. 1B), suggesting that the protein can be mem-
rane associated. At the same time, no N-terminal hydro-
hobic leader peptide sequence typical for transmembrane
roteins could be found. The identified gene was named
amello (Xcml).
Searches in the Genbank EST database and sequencing of
he obtained EST clones revealed five murine (Mcml 1–5),
ve rat (Rcml 1–5), and two human (Hcml 1, 2) nonidentical
DNA sequences encoding putative proteins with signifi-
ant similarity to Xcml and to each other. The third human
utative member (Hcml 3) of this family was identified in
he sequence of cosmid L174G8, whereas TSC501 gene
eported by others (Ozaki, 1998) is essentially identical to
he human Hcml 1 gene.
Alignment of the predicted amino acid sequences of these
roteins (referred below as camello family) reveals a very
ubstantial sequence similarity, including several invariant
esidues, among members of the family (Fig. 2). In addition,
ammalian homologues demonstrate a striking resem-
lance to Xcml in domain organization, including the
resence of a hydrophobic domain, its length and position
elative to the N terminus. Moreover, the C-terminal re-
ions of all the camello family proteins demonstrate statis-
ically significant similarity to different members of the
iverse superfamily of GCN5-related N-acetyltransferases
GNAT) (Neuwald et al., 1997; Coon et al., 1995). All
amello family members match well the consensus motifs
n the three most conserved structural domains of GNAT
uperfamily. Since no N-acetyltransferases with extended
ydrophobic regions were reported so far, these data indi-
ate that the camello family might represent a novel and
ighly distinct subgroup of N-acetyltransferases.
Searches in the EST database performed at the latest stage
f this study identified several new sequences with pre-
frame. Accession numbers for Mcml 1, 2, 3, 4, 5 are AF163314,
163318, AF185569, AF187814, AF185570, AF187100, and for Hcml
quence of Hcml 3 was derived from the sequence of the cosmid
24341–24076. The putative camello family members at the top of
ing the latest EST database searches and were not used for the
l, Xenopus laevis; Dr, Danio rerio.
poral expression of Xcml mRNA studied by Northern blot analysis
. (B–E) Spatial pattern of Xcml mRNA expression revealed by
eled RNA probe, stages 10.5 (B), 11 (C), 12 (D), and 16 (E, posterior
osing blastopore during the entire gastrulation stage. Soon after
f Xcml-hybridized embryos at the stages 10.5 (F) and 12 (G, H). (H)
(dl); ventral lip (vl), archenteron (arc), noninvoluting deep cells ofding
e AF
aa se
and
dur
s; X
) Tem
n top
n-lab
e cl
ns o
al lipof mesoderm (mes).
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488 Popsueva et al.dicted protein products highly similar to the members of
camello family (shown at the top of alignment). Although
we did not perform additional sequencing of these clones,
the length of the known part and the overall degree of
similarity (with possible exception of murine sequence
with accession number AW490788) suggest that these
clones represent bona fide camello family members. Ca-
mello represents, therefore, a fairly large and growing novel
protein family with as many as six different members in
one species (rat and mouse). It should be noted that searches
in the Drosophila and Caenorhabditis elegans genomes did
not identify any predicted proteins bearing the hallmarks of
the camello family, suggesting that this family might be
specific for vertebrates.
Xcml Is Expressed in the Marginal Zone of
Gastrulating Embryos
Temporal pattern of Xcml gene expression was studied by
Northern blot analysis (Fig. 3A) with RNA isolated from total
embryos. Xcml gene encodes a ca. 1.4-kb transcript that
appears after MBT, reaches its expression maximum at stages
12–15, and continues to be expressed until at least stage 27.
Whole-mount in situ hybridization using a digoxigenin-
labeled Xcml RNA antisense probe revealed that the first
weak signal appears in the marginal zone of embryo at the
beginning of gastrulation, in the region of presumptive
chordamesoderm (Fig. 3B, stage 10.5). At stages 11, 12, and
16 (Figs. 3C–3E), Xcml message is expressed in the same
ring of cells around the closing blastopore. Sagittal sections
demonstrate that, at the beginning of gastrulation, Xcml is
expressed in deep cells of presumptive mesoderm (Fig. 3F).
Bottle cells—the leading cells of dorsal lip—are not stained.
Sections of embryos at later gastrulation stages (Figs. 3G
and 3H) demonstrate that Xcml message is expressed at the
interface between already involuted mesoderm and prein-
voluted mesoderm (at stage 10.5–11), or noninvoluting deep
cells of posterior neuroectoderm (at stage 11.5–13). These
regions were shown to undergo the most extensive conver-
gent extension and intercalation movements during gastru-
lation (Keller and Danilchik, 1988; Keller and Tibbets,
1989). Interestingly, whereas Xcml is expressed in the outer
cell layer of periblastopore region, these cells cease to
express the gene soon after they involute inside the embryo.
At late neurula and tailbud stages, Xcml transcripts are
found in the deep mass of cells lying ventrally and laterally
to the closed blastopore. Therefore, Xcml gene starts to be
expressed with the onset of gastrulation process and marks
the zone of intensive cell rearrangements and movements.
Overexpression of Xcml in the Dorsal Equatorial
Blastomeres Disrupts Mesodermal Cell Movements
and Loosens Cell Contacts
To investigate the potential role of Xcml in the early
development, we injected in vitro-synthesized XcmlRNA into dorso-vegetal blastomeres of eight-cell stage
Copyright © 2001 by Academic Press. All rightmbryos. No effects were observed until the late blastula,
ut, during gastrulation, the morphogenetic movements of
he mesoderm in the majority (67% on average, and up to
5% in some experiments; Table 1) of injected embryos
ere substantially inhibited. Blastopore closure did not
ccur completely (Fig. 4A), and, until neurula stages, most
f the embryos kept open blastopores of different sizes; in
ome abnormal embryos, blastopore closure did not occur
t all. In these cases, mesodermal cells spread and accumu-
ated along the lateral lips of the open blastopore, which
esulted in formation of axial complexes on both sides of
he blastopore. The multilayer accumulation of mesoder-
al cells in ventro-lateral region of the blastopore was
etected in the sagittal sections of dorsally injected em-
ryos (data not shown). The suppression of gastrulation
ovements led to a phenotype with shortened antero-
osterior axis and severely truncated head structures and
eural plate (Fig. 4B). Little if any developmental defects
ere observed in embryos injected with the same amounts
f actin mRNA. Introduction of the frame-shift after Ala31
r the stop-codon after Ala32 (constructs XcmlA31Fr and
XcmlA32St, respectively) resulted in complete elimination
of developmental abnormalities, demonstrating the speci-
ficity of effects produced by camello RNA (Table 1).
Similarly, removal of the part of N-acetyltransferase
domain by introduction of stop codon after Gln147 (con-
struct XcmlQ147St) abolished effects of overexpression,
indicating that the deleted region is necessary for the
TABLE 1
Xcml Overexpression Inhibits Gastrulation and Induction
of the Ectopic Axis
RNA injected
No. of
embryos
injected
Abnormalities
of
development
(%)
Complete
secondary
axis (%)
Reduced
secondary
axis (%)
Xcml 285 67 N.A. N.A.
Actin 159 2 N.A. N.A.
XcmlA31Fr 72 0 N.A. N.A.
XcmlA32St 75 0 N.A. N.A.
XcmlQ147St 79 0 N.A. N.A.
XcmlDF42L80 89 29 N.A. N.A.
Mcml 4 39 50 N.A. N.A.
Hcml 1 74 50 N.A. N.A.
goosecoid 25 50 50
goosecoid 1 Xcml 37 25 75
Note. Eight-cell stage embryos were injected in two dorsal
vegetal blastomeres with in vitro synthesized capped RNA (2 ng per
embryo). In an assay for ectopic axis induction, 8-cell stage em-
bryos were injected in two ventral vegetal blastomeres with 60 pg
of goosecoid RNA, with or without 1 ng of Xcml RNA, and
secondary axes were scored at the tailbud stage. Secondary axes
were scored as complete if showing cement gland and eyes, and as
reduced if lacking both features. N.A., not applicable.function of the protein. At the same time, deletion of the
s of reproduction in any form reserved.
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sulted in moderate, 2- to 2.5-fold, reduction in the percent-
age of gastrulation defects compared to the intact protein,
suggesting that the hydrophobic domain, although essen-
tial, is not indispensable for camello function.
When ventral blastomeres were injected with Xcml RNA,
embryos appeared normal until the late gastrula stages.
Most of the embryos (93%) successfully formed ventral lip,
FIG. 4. Xcml overexpression blocks gastrulation movements. (A,
gastrulation. (A) At the midgastrula stage, the blastopore of inje
suppression of latero-medial movements and intercalation of cells
have short axis and open blastopore; arrowheads indicate the anterio
genes in intact and Xcml RNA-injected embryos studied by whole
expression of dorsal markers chr (C) and gsc (D), and panmesoderm
actin (F) and Xbra (G). Expression of Pax-6 (H) in defective embry
lateral lips of the blastopore (right embryo, arrows), and in apparen
the neural tube compared to uninjected embryos (left). Expression obut mesodermal cells accumulated in the lateral region, c
Copyright © 2001 by Academic Press. All righthich became apparent in asymmetrically injected em-
ryos as curved posterior parts of axial complexes (62% of
otal 29 embryos injected). More pronounced effect of the
verexpression on the dorsal side is consistent with its
reater role in organization of gastrulation and more exten-
ive movements of cells on this side (Keller and Danilchik,
988).
We next asked whether the mammalian members of
jection of Xcml mRNA in two dorso-vegetal blastomeres retards
embryos is longer in the dorso-ventral direction as a result of
e dorsal side of embryo. (B) At the neurula stage, injected embryos
posterior ends of axial complexes. (C–I) Expression of early marker
nt in situ hybridization. (C–E) Early gastrula (stage 10.5) embryos,
arker Xbra (E). (F–I) Neurula stage embryos. Expression patterns of
ith an open blastopore identifies two reduced axial complexes in
ormal injected embryos (middle, arrowheads) reveals shortening of
t (I) indicates abnormal position of notochord in injected embryos.B) In
cted
on th
r and
-mou
al m
os w
tly namello family are functionally similar to Xcml. Injection
s of reproduction in any form reserved.
(490 Popsueva et al.of in vitro-synthesized Mcml 4 or Hcml 1 mRNA into
Xenopus dorsal blastomeres produced developmental ef-
fects which were qualitatively and quantitatively quite
similar to those observed with control injections of Xcml
RNA (Table 1). These results suggest the conservation of
the mechanisms of action and in vivo functions between
FIG. 5. Sagittal sections of Xcml RNA-injected embryos at two
developmental stages. (A) At the late gastrula, cell–cell contacts
are loosened in the injected dorsal half of embryo compared to the
uninjected half or to intact embryos. (B) High magnification of the
dorsal side of the gastrula stage demonstrates multilayer epithelial
structure (arrowheads) of involuted cells in a normal embryo, and
disruption of the structure after Xcml overexpression. (C) At the
neurula stage, injected embryos have a disrupted gastrocoel (gc) and
defective structure of the neural plate (np) and somites (som)
compared to uninjected ones.mammalian and Xenopus camello proteins.
Copyright © 2001 by Academic Press. All rightTo study in more detail the developmental defects pro-
duced by Xcml overexpression, we performed whole-mount
in situ hybridization of injected embryos at early gastrula
stage with dorsal markers chr (Sasai et al., 1994) and gsc
(Blumberg et al., 1991) and a mesodermal marker Xbra
(Smith et al., 1991), and at neural stage with mesodermal
and neural tissue markers such as actin (Stutz and Spohr,
1986), Xbra, Xnot (Von Dassow et al., 1993), b-tubulin
Oschwald et al., 1991), engrailed (Brivanlou and Harland,
1989), and Pax6 (Hirsch and Harris, 1997). Observed pat-
terns were fully compatible with morphological changes
caused by defects in gastrulation (Fig. 4F–4I). Therefore,
overexpression of Xcml, apart of morphogenetic effects,
seems to induce little if any changes in gene expression or
cell fate.
Light microscopy of thin sections of Xcml-injected em-
bryos revealed loosening of contacts and formation of large
spaces between cells on the injected dorsal side as compared
with the ventral part or with intact embryos (Fig. 5A). This
result points to Xcml-induced decrease of adhesion between
blastomeres. At the late gastrula stage, effect of Xcml
overexpression was manifested by the disorganization of
the multilayer epithelial structures formed by involuted
cells at the dorsal side of embryo (Fig. 5B). Changes of
morphogenetic behavior of cells through gastrulation led to
morphological defects at the neurula stage, namely abnor-
mal structure of neural plate and somites, asymmetric
position, and disruption of integrity of gastrocoel (Fig. 5C).
FIG. 6. Xcml overexpression reduces the formation of goosecoid-
induced secondary axis. (A) Injection of goosecoid RNA in ventral
vegetal blastomeres induces formation of the complete second axis
with head structures (eyes, cement glands). (B) Coinjection of Xcml
with goosecoid partially inhibits formation of head structures.
s of reproduction in any form reserved.
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Inhibition of a Secondary Axis Formation
by goosecoid
Ectopic expression of goosecoid on the ventral side of
embryo induces massive cell movement at the early gas-
trula stage toward the anterior of the embryo and formation
of a second axis (Niehrs et al., 1993; Blumberg et al., 1991)
(Fig. 6A). To further study the potential role of Xcml in
gastrulation, we coinjected gsc and Xcml mRNAs on the
entral side of the eight-cell stage embryos. Xcml appar-
ntly antagonizes the induction of a secondary axis by
oosecoid (Fig. 6B), which is manifested by the decrease of
ormation of complete secondary axes with head structures
rom 60% in embryos injected with gsc alone to 27% in
coinjected embryos (Table 1). These findings provide addi-
tional evidence for the inhibitory effect of Xcml overexpres-
sion on gastrulation movements.
Overexpression of Xcml Decreases Blastomere
Adhesion
The microscopic observation of Xcml RNA-injected em-
bryos revealed the loosening of contacts between blas-
tomeres. To further address this issue, we employed in vitro
blastomere reaggregation assay (Paulson et al., 1999). Em-
bryos were microinjected with Xcml mRNA in the animal
pole of all blastomeres at the four-cell stage. As a negative
control, mRNA of the frameshift mutant XcmlA31Fr was
injected. Animal caps were dissected at stage 8, dissociated
to blastomeres in Ca21-depleted medium, and allowed to
reaggregate following the reintroduction of Ca21. Quantita-
tion of the number of cells in aggregates of different size
classes revealed a decreased ability of Xcml-injected blas-
tomeres to aggregate (Fig. 7). After a 30-min incubation,
expression of functional Xcml in animal caps increased the
average percentage of single cells from 7.8% to 18.4%
(XcmlA31Fr-injected vs. Xcml-injected), i.e., by almost 2.4-
fold (P , 0.01). At the same time, the average percentage of
aggregates with 11 or more cells in Xcml-injected samples
decreased from 26.5% to 12.7%, i.e., twofold (P , 0.01).
Similar results were obtained after injection of Hcml 1
RNA (data not shown), indicating that the mammalian
members of the family might be as potent as Xcml in
decreasing cell adhesion. These data demonstrate that the
overexpression of Xcml decreases the adhesion of blas-
tomeres in vitro, and agree well with results of microscopic
observation of intact embryos overexpressing Xcml.
Xcml Protein Is Not Secreted and Localizes to the
Secretory Pathway
To determine the intracellular localization of Xcml pro-
tein, we performed the conventional and confocal micros-
copy of COS cells transfected with the Xcml-GFP fusion
xpression construct. The majority of fluorescent signal
as found in compact perinuclear lamellar or vesiculartructure characteristic for the Golgi complex (Figs. 8A and i
Copyright © 2001 by Academic Press. All rightB). A weaker and more variable staining of a fine reticular
tructure, apparently endoplasmic reticulum, was also de-
ected. When Xcml-GFP-transfected cells were stained with
Golgi-specific dye, BODIPY TR ceramide, a significant
verlap between GFP signal (Fig. 8C) and red ceramide
ignal (Fig. 8D) was observed, thereby confirming the pref-
rential localization of the fused protein in the Golgi
pparatus (Fig. 8E). Deletion of the hydrophobic domain
esulted in a marked, but not complete, delocalization of
he fused protein, with significant proportion of the signal
etected in the nucleus and cytoplasm (Figs. 8F–8H). We
herefore conclude that the hydrophobic domain is essen-
ial for the Golgi localization of the Xcml protein, although
FIG. 7. Overexpression of Xcml in animal caps decreases adhe-
sion between blastomeres. Animal caps of embryos injected with
Xcml or XcmlA31Fr (negative control) mRNA were dissociated at
stage 8 in Ca21/Mg21-free medium, and individual blastomeres
were allowed to aggregate for 30 min following addition of Ca21. (A)
Average distribution of cells in different aggregate classes. The
percentage of the total number of cells in each aggregate class was
calculated for each experiment, followed by averaging among nine
experiments. (B) Distribution of average differences between Xcml
and XcmlA31Fr-injected embryos. The differences in the percent-
ages of the cells in each aggregate class between Xcml and
XcmlA31Fr-injected embryos were determined for each experi-
ment, followed by averaging among nine experiments. Differences,
on the basis of Wilcoxon test, are statistically significant for single
cell, 2–4 cell, and 11 1 cell classes (P , 0.05).t is probably not the sole targeting signal.
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492 Popsueva et al.Localization of the Xcml protein to organelles of the
secretory pathway suggests the possibility that Xcml might
be secreted. To test this, synthetic mRNAs encoding Xcml
protein N- or C-terminally fused with the myc tag were
microinjected into Xenopus oocytes. Western blots of the
ulture medium and vesicular and cytoplasmic fractions of
ocytes revealed immunoreactive bands of predicted size in
he vesicular fraction only (Fig. 8J). When a similar experi-
ent was performed with the myc-tagged form of secreted
izzled protein (Salic et al., 1997), immunoreactivity in the
culture medium could be easily detected. We conclude
therefore that Xcml is unlikely to be a secreted protein.
DISCUSSION
The major consequence of overexpression of Xcml on the
orsal side of the Xenopus embryos is the gross retardation
and inhibition of gastrulation process. Analysis of marker
gene expression by in situ hybridization indicates that the
etected perturbations in expression patterns can be traced
own to and explained by the observed defects of morpho-
enesis. The Xcml seems therefore to exert little if any
irect effect on mesoderm or neural induction or other
ell-specification events. Instead, its effects seem to be
imited primarily to mechanistic inhibition of gastrulation
ovements. Several types of cell movement drive the
astrulation process, among them convergent extension
nd migration on the blastocoel roof being probably the
ost important (Gerhart and Keller, 1986). It is unclear
hich movements are affected by Xcml overexpression.
However, since the latter results in incomplete blastopore
closure, short anteroposterior axis, unclosed neural folds
and in extreme cases in spina bifida phenotype, one might
assume that the intercalation/convergent extension is the
most affected type of gastrulation movements.
The experiments with the GFP-tagged Xcml protein dem-
onstrate that it is localized primarily in the Golgi complex.
Whereas in some samples Xcml was also detected in the
endoplasmic reticulum, it cannot be excluded that the ER
localization is an artifact of overexpression of the normally
Golgi-specific protein, as is the case with some other Golgi
proteins. Xcml is apparently anchored in the Golgi mem-
brane via its hydrophobic domain (presumably in a shape of
two membrane-spanning a-helices) since its removal re-
ults in a significant, but not complete, delocalization of
he protein. Moreover, membrane anchoring seems to be
mportant, although not entirely indispensable, for Xcml
unction since the removal of the hydrophobic domain does
ot completely eliminate the effects of overexpression. The
emaining activity may be explained by the residual local-
zation of Xcml to the Golgi apparatus, although a more
etailed study is needed to clarify this issue.
Sequence analysis indicates that Xcml defines a new
ultiprotein family which does not belong to any major
rotein class involved in regulation of gastrulation or de-
elopment in general, namely to transcriptional factors,
Copyright © 2001 by Academic Press. All rightecreted growth factors or their antagonists, growth factor
eceptors or adhesion molecules. The relationship between
he Xcml overexpression phenotype and its normal in vivo
unction is therefore less clear than with these groups of
evelopmental regulators. Nevertheless, the observed inhi-
ition of gastrulation by Xcml is unlikely to be a result of a
eneral nonspecific toxicity. First, coexpression of Xcml
ith goosecoid does not lead to increase of the magnitude
f developmental defects, but has a rather opposite effect.
econd, transmission electron microscopy of Xcml RNA-
njected embryos did not reveal any signs of cytotoxic
ffects at the ultrastructural level (data not shown). Third,
cml-induced specific decrease of cell adhesion, as dis-
ussed below, might be per se sufficient to produce the
bservable in vivo phenotypes.
Several considerations suggest that the potential function
f Xcml during gastrulation is directly related to the phe-
otype produced by overexpression. First of all, Xcml is
xpressed in the periblastopore region throughout the
hole gastrulation stage, primarily at the interface of the
reinvoluted mesoderm or noninvoluting deep cells of
euroectoderm with the already involuted mesoderm. This
s a region of the highest cell motility and remarkable cell
earrangement, in which preinvoluted cells loose epithelial
rder, invaginate, rebuild epithelial structure, and move in
nimal direction as a result of convergent intercalation and
ell migration. Another highly unusual feature of Xcml
xpression pattern is that it might be described rather as a
roperty of a specific spatial region of the embryo than of
pecific cells or lineages. Mesodermal cells in the periblas-
opore region express Xcml message; however, soon after
nvolution, they loose Xcml expression. Most of other genes
xpressed in presumptive mesoderm continue their expres-
ion after cell involution (Cho et al., 1991; Ryan et al.,
996). It seems therefore that the special mechanisms
aintain Xcml expression in the embryo region which is
ritical for orchestrating the entire gastrulation process, and
n which the mobility of mesodermal cells increases sub-
tantially. This interpretation is in agreement with our
reliminary results, indicating that Xcml expression in
nimal caps, in contrast to other mesodermal genes tested,
annot be induced by activin or FGF treatment (N.N.L. et
l., unpublished observations).
At the cellular level, overexpression of Xcml results in
verall decrease of blastomere adhesion, which is observ-
ble both qualitatively in intact embryos as loosening cell
ontacts and disruption of epithelial layer of the blastocoel
nd gastrocoel at later stages, and quantitatively in in vitro
lastomere aggregation assay. It is likely that the inhibition
f gastrulation movements by Xcml overexpression is a
irect consequence of the decrease in adhesion. It is known
hat gastrulation movements are maintained by a fine
alance of spatially and temporally regulated adhesion. For
ptimal cell movements, adhesion strength must be at
ntermediate level (Huttenlocher et al., 1995; Palecek et al.,
997). Moreover, in vitro experiments demonstrate thatreduction of adhesion between blastomeres is necessary for
s of reproduction in any form reserved.
w ure m
493Xcml Overexpression Blocks Gastrulationactivin-induced animal cap elongation and, most likely, for
gastrulation (Brieher and Gumbiner, 1994; Zhong et al.,
1999). However, excessive reduction of adhesion leads to
inhibition of gastrulation. Thus, the phenotypes similar to
the one produced by overexpression of Xcml were observed
in experiments in which cell adhesion was strongly inhib-
ited by the interference with function of different cadherins
FIG. 8. Xcml protein is localized to the organelles of the secretory
Xcml-GFP; nuclei stained with Hoechst 33342 (blue). (B–E) Confoca
of GFP signal in COS-7 cells; (C–E) same as (B), but cells additional
(D) ceramide signal, (E) merged image. (F–H) same as (C-E), respec
hydrophobic domain. (I) Western blot analysis of Xenopus oocytes
ith myc tag, or to myc-tagged sizzled (Salic et al., 1997). M, cult(Kuhl et al., 1996; Lee and Gumbiner, 1995), cadherin–
Copyright © 2001 by Academic Press. All rightcatenin complexes (Paulson et al., 1999), or extracellular
matrix proteins (Genta et al., 1997; Itoh and Sokol, 1994).
Therefore, excessive decrease in blastomere adhesion pro-
duced by Xcml overexpression in the dorsovegetal region,
where adhesion is already reduced to optimal levels, is
probably the major reason of the inhibition of gastrulation
movements.
way. (A) Conventional microscopy of COS-1 cells transfected with
roscopy of COS-7 cells transfected with Xcml-GFP: (B) distribution
ined with the Golgi marker BODIPY TR ceramide. (C) GFP signal,
y, but transfection with XcmlDF42L80-GFP construct lacking the
ted with RNA corresponding to C- or N-terminal fusions of Xcml
edium; C, cytoplasmic fraction; V, vesicular fraction.path
l mic
ly sta
tivel
injecWhat is the mechanism of Xcml-induced decrease of
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494 Popsueva et al.adhesion, and what are the possible targets of Xcml action?
It is known that the cadherin-based adhesion is the primary
adhesion system in early Xenopus embryogenesis (Huber et
l., 1996). Moreover, the animal cap aggregation assay, in
hich the antiadhesive action of Xcml was demonstrated
directly, is Ca21-based and therefore primarily driven by the
cadherin adhesion. Finally, as Brieher and Gumbiner (1994)
and Zhong et al. (1999) convincingly demonstrated,
C-cadherin is a major determinant of adhesion in this assay.
Therefore, it would be reasonable to assume that the
cadherins, including cadherin C, might be the targets of
Xcml action. Of course, participation of other cell surface or
extracellular proteins in Xcml-related antiadhesive effects
remains a definite possibility.
The potential involvement of Xcml in cell-adhesion mecha-
nisms can be indirect, by action through intracellular cell
signaling, or by targeting cell adhesion proteins directly. The
localization of Xcml protein in the Golgi complex, as well as
the absence of known signal transduction motifs in its se-
quence make this protein a poor candidate for the possible role
in regulation of adhesion via intracellular signaling. This
interpretation is also in line with experimental results indi-
cating that Xcml has little if any effect on expression of other
genes or lineage specification. Taking into consideration that
cell adhesion and extracellular matrix proteins pass through
the Golgi complex where they undergo the final stages of
synthesis and processing, and at this stage should colocalize
with the Xcml protein, the more likely possibility is that
Xcml may interfere with cell adhesion via participation in
protein-modification reactions in the Golgi. The presence of
the three N-acetyltransferase consensus motifs in the se-
quence of Xcml and other members of this family makes
N-acetylation a natural candidate for this modification. So far,
the most prominent acetylation reaction known to occur in
the Golgi complex was an O-acetylation of sialylic acids in
glycoproteins and glycolipids by as yet unidentified enzyme(s)
(Chammas et al., 1996). O-Acetylation of sialoglycoproteins
as shown to affect their adhesion to lectins (Sjoberg, 1994),
s well as to be critically important for early murine develop-
ent (Varki, 1991). Although the difference between the
onsensus motifs for known N- and O-acetyltransferases
akes rather unlikely that camello proteins are in fact
-acetyltransferases, we believe that the above mentioned
ata point in the right direction in that they demonstrate the
mportance of acetylation of sugar residues in glycoproteins
or cell–cell interactions and embryogenesis. To our knowl-
dge, the only documented, yet received little attention,
-acetylation reaction occurring with glycoproteins is the
e-N-acetylation/re-N-acetylation cycle, which takes place at
he amino group at the C-5 position of sialic acid groups of
lycoconjugates. The side reaction of this cycle, the cycliza-
ion of the sialic acid moiety, results in elimination of adhe-
ion to the selectins (Mitsuoka et al., 1999). It is conceivable
hat camello proteins participate in the re-N-acetylation part
f this cycle or in the cyclization reaction. It is worth men-
ioning that the N-acetylation of negatively charged sialic acid
esidues would increase the net negative charge of the sialy-
Copyright © 2001 by Academic Press. All rightated glycoproteins, with a likely outcome of increasing repul-
ive interactions between the cells expressing these mol-
cules, in agreement with the effect observed after
verexpression of camello proteins.
On the basis of the above analysis, we suggest that Xcml
rotein participates in regulation of Xenopus gastrulation
y controlled reduction of cell adhesion in the periblas-
opore region where it is expressed. This reduction of
dhesion is necessary for the optimal motility of cells in
his region and might be brought about by participation of
cml in terminal processing (presumably N-acetylation) of
ell surface or extracellular matrix proteins passing through
he Golgi apparatus where Xcml is localized. Cadherins
ight be one of the potential targets of Xcml action.
lthough this hypothesis seems to integrate well the avail-
ble experimental data, it remains essentially speculative,
nd the future experiments should be directed towards
lucidation of mechanisms whereby Xcml reduces cell
dhesion, in particular to directly establish whether Xcml
ay participate in protein modification, and what are its
argets in this case.
Finally, it is should be noted that Xcml is by no means a
ole potential regulator of development which localizes and
erforms its function in the Golgi. It becomes increasingly
lear that the processes associated with the synthesis and
odification of glycoproteins in the secretory pathway, in
articular in the Golgi complex, play substantially more
mportant role in the embryogenesis than it was presumed
efore. For instance, different glycosyltransferases and sia-
yltransferases were shown to be important for various
spects of development (Dennis et al., 1999). Key stages of
eparan sulphate biosynthesis in Drosophila are performed
y developmentally important genes such as sugarless
UDP-glucose dehydrogenase), sulphateless (N-deacetylase/
-sulphotransferase), tout velu (GlcNAc/GlcA polymer-
se), and pipe (putative 2-O-sulphotransferase), whereas
-O-sulphotransferase was shown to be critical for murine
mbryogenesis (for review, see Perrimon and Bernfield,
000).
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